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ABSTRACT
Vertical motion is computed from the continuity equation
from 40N to 30S for long term seasonal means, A three cell
standing eddy structure was found in each season. The patterns
are compared with rainfall climatology and satellite cloud data
and found to show good agreement. The' W patterns for December
1962-February 1963 and December 1963-February 1964 are
computed, and deviations in W for each year frornm the long term
mean for this season are compared with precipitation deviation
from normal throughout the tropics, again with good results.
The year to year change inW is presented and discussed. It was
found that the east-west gradient of vertical motion was much
weaker in December 1963-February 1964. This is attributed to
a change in phase of Walker's Southern Oscillation from positive
to negative. This decrease in the east-west circulation was fol-
lowed by an increase in the meridional Hadley cell circulation.
This, coupled with an increase in the strength of the polar vor-
tex, led to stronger mid-latitude westerlies during December
1963-February 1964.
Thesis Supervisor: Reginald E. Newell
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I. INTRODUCTION
It has long been thought that air-sea interaction plays an im-
portant part in the general circulation of the atmosphere. The
sea-surface temperature depends on the wind field, and a change
in one will bring about a change in the other. Therefore, it is of
particular interest to look at a case of a significant departure
from normal of sea-surface temperature over a large area.
A map of sea-surface temperatures for the equatorial South
Pacific (Fig. 1. 1) shows that the water from about 160W to the
South American coast is colder than the global average for these
latitudes and that the Pacific waters west of 1.60W are warmer
than the global average. The air above the cold water belt is too
cold and heavy to join in the ascending motion in the Hadley circu-
lation. Instead, the equatorial air flows westward to the warm
west Pacific where it can take part in large-scale moist-adiabatic
ascent (Bjerknes, 1969). There is then a return flow toward the
east in the upper troposphere or lower stratosphere and accom-
panying descent in the eastern Pacific. Thus there should be
large-scale cloudiness over areas of warm water and relatively
clear skies over areas of cold water. This can be easily seen
on maps of global cloudiness obtained by satellite observations
(Hubert et al., 1969).
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Bjerkncs (1969) calls this exchange of air between eastern
and western hemispheres the "Walker Circulation". This is a
part of the mechanism'of the "Southern Oscillation" statistically
defined by Sir Gilbert Walker and Walker and Bliss in the World
Weather I to VI sequence of research reports (referenced in the
Bjerknes article). Troup (1965) discusses the Southern Oscilla-
tion and also suggests that changes in the direct toroidal circula-
tion between the warmer eastern and cooler western hemispheres
have a major effect on the Southern Oscillation.
The westward extent of the cold water of the South Equatorial
Current depends on upwelling of colder water from below, which
depends on the distribution and strength of the easterlies along the
Equator. Bjerknes (1969) presents a time series of sea and air
temperature from 1950 to 1967 for Canton Island (020 48'S, 1710
43'W). Most of the time water of equatorial upwelling reaches
Canton Island, but in three cases (late 1957, late 1963 and late
1965) the sea-surface temperature is warmer than the air tem-
perature. These periods are also marked by above average pre-
cipitation. Krueger and Gray (1969) show these same data in a
time series as well as showing that the easterly component of the
surface wind approaches zero during these periods. In addition,
Krueger and Gray show maps of December-February seasonally
averaged sea-surface temperature anomalies for the eastern tro-
LeC LICI ___ ~ _ i-il~Y1~CI~-- ~X *X--i~~ , - -~-- - ~IIIII~ IC~Cm~
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pical Pacific for the five year period 1962 to 1967. These maps
show that Canton Island is fairly representative of most of the
equatorial Pacific in that the whole area from 1800 to South America
was abnormally warm during December 1963 - February 1964
and December 1965 - February 1966. Bjerknes concludes that
during these periods, the large-scale ascending air cell has moved
eastward to include Canton Island. Support for this hypothesis
is shown by satellite nephanalyses (Bjerknes et al., 1969). The
position of the - isoneph at the Equator moves eastward as the
sea-surface temperature decreases. Bjerknes et al., (1969) pre-
sent monthly mean cloud nephanalyses (taken from Godshall et al.,
1969) for several periods, showing that on the average there is
little cloudiness from the Equator to 10S east of 1800 except during
those months when the warm water has moved eastward.
Because these periods of anomalously warm water at Canton
Island are accompanied by increases in precipitation, they are
periods of greater release of latent heat. The Hadley circulation,
which is primarily driven by the release of latent heat in its as-
cending branch, is thus, accelerated to produce a greater trans-
port of heat and momentum to higher latitudes. This is then shown
(Bjerknes, 1966, 1969) to maintain stronger than normal wester-
lies in the middle latitudes.
~_L~_ -1I~_U~I~--CI-- _I-*IP(IIII-~--- U- -*~C-
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The purpose of this papcr is to examine large-scale vertical
motion patterns in the tropics by computing w ( ). First, the
long term seasonal means are looked at and related to the observed
precipitation patterns. Next, W is computed for December 1962-
February 1963, a period of near normal sea-surface temperature
at Canton Island, and for December 1963-February 1964, a period
of above normal sea-surface temperature for the eastern equator-
ial Pacific. Each period is compared with the long term mean.
Finally, the change from one year to the next is investigated with
special interest in the relationship between vertical motion and
sea-surface temperature in the eastern equatorial Pacific. Also
of interest is the relationship between changes in the Hadley cell
circulation and the circulation at higher latitudes.
~__~~_il -_IS~i--. -il.l(~l .*I.-li. ..
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II. DATA AND ANALYSIS
The data used in this paper were originally put in working
form by J. W. Kidson and a detailed explanation of the data and
its sources can be found in Chapter 2 of Newell et al., (1970).
The data are from 303 radiosonde and radar wind stations with-
in the overall period July 1957 to December 1964. All available
stations between latitudes 35N and 30S were used and some addi-
tional stations were used to extend the area covered to 45N. Many
stations did not report regularly throughout the entire period, so
the quantity and quality of the data varied considerably between
stations. Most data were taken at 0000 GMT, but 0600 GMT and
1200 GMT data were included where necessary. A complete sta-
tion list along with the source and reporting period is presented
in Newell et al., (1970).
The daily data for each station were first used to compute
monthly mean statistics at all available levels from the surface
to 7 mb including the quantities u, v and u'v' used here. The
long term means for four seasons, December-February, March-
May, June-August and September-November were computed, using
the seven years of data. Maps of the long term means for the
quantities u, v and u'v' can be found in Chapter 3 of Newell
et al., (1970).





is used to obtain w, the vertical velocity in pressure coordinates.
It is assumed that w=0 at 1000 mb as was done for example by
Lateef (1967). Since the vertical velocities thus computed tend to
increase with height, the result is a non-zero value for the net di-
vergence in a column. In this study w at 100 mb was set to zero
and the w at each lower level was reduced proportionately.
i. e. w L ) = W O) - [L Co . v (10oo0)
The grid used was 20 degrees of longitude and 10 degrees of
latitude. The vertical velocity was computed at the center of the
grid using the three monthly means of u and v as read from the
respective maps at the significant levels from 1000 mb to 100 mb.
Whereas W was computed for each level, it was decided that the
value at 500 mb would be the best to be used to compare with rain-
fall.
In order to study the difference in the vertical motion patterns
from year to year, the December-February season for 1963 and
1964 was chosen. The zonal and meridional wind components
were averaged to give a three month mean for each station report-
ing during December 1962-February 1963. These were then plot-
ted and hand analyzed for each significant level from 1000 mb to
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100 mb. The December 1963-February 1964 season was chosen
because during this time the sea-surface temperature at Canton
Island was abnormally warm. Thus, one purpose of this paper
is to investigate the "Walker Circulation" (Bjerknes, 1969). It
was found that most of the station wind data north of 30N had been
obtained from the five years of data under the Northern Hemis-
phere General Circulation Study of Professor V. P. Starr, and
this data ended in April 1963. Therefore, the analysis region
was reduced to 30N for December 1963-February 1964. The u
and v maps for these two periods are in Chapter 10 of Newell
et al., (1970). Whereas there were 260 stations available for
December 1962-February 1963, there were only 110 stations
for December 1963-February 1964. Since nearly all the stations
for which datawere not available for the second period were north
of 30N', it was not thought that this would greatly influence the
equatorial regions which are of primary concern in this paper.
The w map for December 1962-February 1963 was computed
from 35N to 25S as were the seasonal long term W maps. The
w map for December 1963-February 1964 covers 25N to 25S.
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III. LONG TERM SEASONAL OMEGA
In this chapter the long term means of 'i for the seasons
December-February, March-May, June-August and September-
November are presented. To check on the accuracy of these
maps, computed as outlined in Chapter 2, they are compared with
rainfall climatology and with satellite cloud nephanalyses. Be-
cause of the scarcity of wind reporting stations in all but the con-
tinent sections of the tropics and because of the large grid used
in the computation of EI, it is not assumed that the numerical
values shown on these W maps are entirely correct. However, it
is thought that the patterns fit well with what is to be expected
for vertical motion and that the numbers can be compared relative
to each other.
The long term seasonal w maps are presented in Figs. 3. 1-
-4
3.4. The units are 10-4 mb/sec ( ~ 1. 5 mm/sec). Easily seen
is the Intertropical Convergence Zone (ITCZ) and its movement
throughout the year. To further show this, zonal averages for w
are computed for each season in Table 3. 1. In the December-
February season, the ITCZ is slightly south of the equator in all
regions. In June-August the ITCZ has moved north of the equa-
tor, to about 5N north over South America and Africa. There is
widespread ascent in the monsoon regions of Southeast Asia and
-13-
the western Pacific, with the centers of ascent at O1N. For both
the March-May season and the September-November season the
ITCZ is found north of the equator, being somewhat further north
during September-November. It is also noted that the Hadley cell
is a little stronger in June-August than in December-February.
Kidson 'et al. ,(1969) found that the mass circulation of the northern
winter cell is approximately 1.7 x 1014 g/sec and that the southern
winter cell is about 2. 0 x 1014 g/sec.
Perhaps the most interesting result of this study was the find-
ing of the three cell structure of vertical motion in the equatorial
regions. For each season there are three main areas of upward
motion: over South America, over Africa, and a broad area of as-
cent with centers near Indonesia and in the western Pacific. There
are areas of descending air between the areas of rising air or in
some cases a large decrease in the magnitude of the upward mo-
tion. In the past most studies of the Hadley circulation have used
zonal averages, and this three cell pattern is hidden by the aver-
aging. Recent satellite cloud picture studies have shown alter-
nating clear and cloudy regions in the tropics, and Hubert et al.,
(1969) have suggested that there is an east-west gradient of ver-
tical motion. Troup (1965) and Bjerknes (1969) show how a tor-
odial circulation exists between the hemispheres in the Pacific.
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It is assumed that part of the air that rises in these three cells
is carried zonally as well as meridionally. This study seems
to confirm that hypothesis.
The upward cell over South America is markedly constant
in longitude throughout the year. The center is along 70W for
each season, moving only north and south with the sun. It is
strongest during December-February when it is furthest south.
The large area of ascent in the western Pacific and near Indonesia
has little variation with longitude also. One center is generally
near 95-100E and the other remains on 170E. Whrereas the center
over South America was weakest in June-August, both centers in
the western Pacific are strongest in this season.
The area of rising motion over Africa varies the most longi-
tudinally. The center goes from about 30E hin December-February
to 10E in June-August. It is this region which can best be com-
pared with rainfall climatology, using the mean monthly rainfall
maps for Africa as compiled by Thompson (1965). For December-
February, Thompson shows the area of maximum rainfall to be
300-400 mm per month at about 13S and 30E, a little south of the
area of maximum ascent on Fig. 3. 1. From March to April, the
rainfall area moves to north of the equator, being centered on the
equator in April with the maximum (200-300 mm per month) near-
er the western coast. This agrees well with Fig. 3. 2. During
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June-August the maximum rainfall area has moved almost entire-
ly north of the equator, becoming centered at 5N. There are two
centers of heavy precipitation, the coast of Nigeria with about 400-
600 mm per month and along the coast of Sierra Leone, Liberia
and Ivory Coast with a maximum of 1000 mm in Sierra Leone in
August. Fig. 3. 3 shows the center over Nigeria but not the wes-
tern one. From September to November, the maximum rainfall
area moves southward along the western coast of Africa to become
centered over Gabon in November. The three monthly average
would show the center of the rainfall belt to be slightly north of the
equator and mainly in the western half of the continent with 400-
600 mm per month. This is in good agreement with Fig. 3. 4. It
is also noted that the March-May season has the least monthly pre-
cipitation and the weakest rising motion and that the June-August
season has the greatest monthly precipitation and the strongest
rising motion. The areas of subsidence on Figs. 3. 1-3.4 also
correspond well with areas of Africa which Thompson shows as
having very little rain. In particular, the continent north of the
equator is dry during December-February and south of the equator
is dry during June-August. The satellite nephanalyses of monthly
cloudiness of Kornfield and Hasler (1969) show the same thing.
Figs. 3. 1-3. 4 show several interesting features recently
seen in analyses of satellite cloud brightness data. A band of
__I~_I~ __I~~I__IC_~^_II1*_^11~-r~l 1~ -~11^1*-lrs --~1~-~l i~el~L~. _.___..i.- ..t . --C ~YI-I~~_-~LWY__I_^..._~.L..~1-~~ l -~ii-~-.~l~ll _*21-~ 11111_11 -1~-~~1-1_
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cloudiness maximum is oriented southeast to northwest in the
southwestern Pacific from about 30S and 150W to the equator.
It intersects the equator at different longitudes, depending on
the westward extent of the upwelling of the South Equatorial
Current (Bjerknes et al., 1969). Corresponding with this cloudi-
ness band is the southeastward extension of ascent from New
Guinea to 30S and 150W on Figs. 3. 1 and 3. 2. There is down-
ward motion in June-August (Fig. 3. 3) in this region, and Hubert
et al., (1969) show that the cloudiness band is less defined in
this season. A southeastward extension of cloudiness from South
America shown by Hubert et al., (1969) is not evident in Figs.
3. 1-3. 4, except possibly in December- February.
The IA maps computed in this study also would not support
the theory of a double ITCZ for most areas. It is only in June-
August that there is a continuous belt of ascent through the Atlan-
tic and Indian Oceans, and even then it is narrow and weak. There
is subsidence in the eastern Pacific extending generally to 20S
in all seasons, with only a weak ascent belt stretching from South
America to 130W in the Northern Hemisphere in summer. The
satellite cloud pictures of Hubert et al., (1969) show two cloud
bands exist over the western Pacific during three seasons. This
cannot be seen on Figs. 3. 1-3. 4 due to the great distance between
wind reporting stations in this area and in part to the grid size used
-17-
in the computation of W.
IV. COMPARISON OF DECEMBER 1962-FEBRUARY 1963 AND
DECEMBER 1963-FEBRUARY 1964 WITH THE LONG TERM
MEAN
Based on the evidence presented in Chapter 3, it appears that
the maps computed in this study present a true picuture of the large
scale vertical motions in the tropics. In this chapter, this tech-
nique is used to look at w for two particular December-February
seasons and their differences from the long term w for December-
February.
Figs. 4. 1 and 4. 2 are the December 1962-February 1963 and
December 1963-February 1964 maps for w at 500 mb. The units
are the same as used for the long term seasonal means in Chapter
3. It was assumed at the beginning that December 1962-February
1963 was an 'average" year, and the major features are the same
as on the long term wt maps for this season (Fig. 3. 1). There is
a shift in the position of some centers of vertical motion. The
descent area in the eastern Pacific has pushed further southward
and the descent areas in the Atlantic have strengthened as did
the area in the western NTorth Pacific. There are increases in
ascent along the western coast of Mexico and the center over South
America. The center over southern Africa is situated southward
~LI_ _i_ _I~)/~ ____II___Y_~YII*___I ~-~-~-~D-
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and is stronger. These and other changes can be seen in Fig. 4. 3,
a difference map found by graphically subtracting the long term
W for December-February from l for December 1962-February
1963 (Fig. 4. 1 minus Fig. 3. 1). December 1963-February 1964
was a season of abnormally warm sea-surface temperature in the
equatorial regions of the eastern Pacific. Therefore, it is of
particular interest to see what effect this has on the w pattern for
this three month period (Fig. 4. 2). There are several significant
differences between w for December 1963-February 1964 and the
long term mean (Fig. 3. 1). The descent in the warm water re-
gion of the eastern Pacific is weaker. Also there is a large shift
to the southeast by the center of the ascent region over South
America and the center over Africa. The Gulf of Mexico and
Caribbean waters have become a region of strong descent and China
has become a region of strong ascent. These changes are presen-
ted in the difference map Fig. 4. 4 (Fig. 4. 2 minus Fig. 3. 1).
Table 4. 1 is zonal averages of tw for the three periods under
investigation. The latitude of maximum ascent is 5S for all periods,
with the long term mean being the greatest. It is noted that the
rising branch of the Hadley cell for December 1963-February 1964
is stronger than for the preceding year at all latitude circles ex-
cept 5N, and is appreciably stronger at 10S.and 15S. This re-
flects the southeastward shift of the maximums over South America
~1_1 CI___LI___I__1IIIY~~-~ ~-^^- -. IILI -. _i. I-~I~--~LIIILI
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and Africa and the decreases in the subsidence cells in the oceans
at these latitudes for this year.
As a check on the differences from normal of the a mnaps
for these two December-February seasons, monthly precipitation
records for stations in the tropics were looked at. Table 4. 2 is
a list of the three monthly total of precipitation and the three
monthly total deviation from the 30 year normal for as many sta-
tions as could be found for December 1962- February 1963 and
December 1963-February 1964. The deviations were then plot-
ted for each station and the shaded areas on Figs. 4. 5 and 4. 6
represent greater than normal precipitation. The solid lines wcre
drawn where there was sufficient data coverage to justify this being
done. The clear areas represent below normal precipitation or
lack of data. Therefore, Fig. 4. 5 may be compared directly with
Fig. 4. 3 which shows the difference between w for December 1962-
February 1963 and the long term mean. Negative areas on Fig.
4. 3 indicate an increase in upward motion which should correlate
well with the shaded areas on Fig. 4. 5. In general there is good
agreement between Fig. 4. 3 and Fig. 4. 5. The increased ascent
regions are South America below the equator, almost all of
Africa, Indonesia and western Australia, and the western Pacific
from the equator to 20N. All of these areas received above aver-
--20-
age rainfall during this period. The major areas which had an
increase in descent were Southeast Asia and the Philippines and
the eastern Pacific west of 150W. The same comparison can be
made between Fig. 4. 4 and Fig. 4. 6 (December 1963-February
1964). Here the regions with an increase in upward motion are
the southern half of South America, northwestern and southeas-
tern Africa, Southeast Asia, and the islands in the equatorial
western Pacific. For the most part, these regions were wetter
than normal. The northern half of South America, central Africa,
and Australia received less than normal precipitation. It can be
seen in Table 4. 2 that some stations had significantly large de-
partures from normal, and that all of these were in agreement
with the w departure maps.
___~III*LY__I_~~IIhC-IIT~ililll-l^l-l_ -1-. 111141~-1
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V. COMPARISON BETWEEN DECEMBER 1962-FEBRUARY
1963 AND DECEMBER 1963-FEBRUARY 1964
In the preceding chapter it was shown how the w" pattern
for December 1962-February 1963 and December 1963-February
1964 differed from the pattern for the long term mean for this
season. In this chapter the W difference between the two years
is looked at. The Southern Oscillation is examined in an attempt
to find a cause for the change. The relation between this change
in the ascending branch of the Hadley cell and the circulation at
higher latitudes is also looked at.
In previous studies of changes of the circulation in the
eastern Pacific (Bjerknes, 1969, Kruger and Gray, 1969), it
was shown that when the sea-surface temperature at Canton
Island becomes abnormally warm, there is an increase in
cloudiness and rainfall, and a decrease in the strength of the
easterlies. Bjerknes (1969) concluded that this is caused by
an easterly shift in the ascending branch of the "Walker Circu-
lation", a toroidal circulation between the eastern Pacific (cold
water and persistent high pressure) and the western Pacific
(warm water and low pressure). In a time sequence graph Bjerknes
shows that significantly above normal precipitation at Canton
-22-
Island occurs only with the warm sea-surface temperature anoma--
ly. It can be seen in Table 4. 2 that this is true for the warm
water period of December 1963-February 1964 at Canton Island.
Also an eastward shift by the ascent region of the western Pacific
can be seen on Figs. 4. 1 and 4. 2, where the 3= o line has
moved about 8 degrees to include Canton Island in the second year.
Looking once again at Fig. 4. 1, we find that for December
1962-February 1963, the centers of upward motion and the centers
of downward motion are stronger than for the long term mean
(Fig. 3. 1). The change in _ from December 1962-February
1963 to December 1963--February 1964 shows there are some
interesting differences throughout the equatorial regions. This
is shown in Fig. 5. 1 (Fig. 4. 2 minus Fig. 4. 1). Here the ne-
gative areas show an increase in upward motion or a decrease
in downward motion for the second year, depending on the re-
gion in which the change takes place. It is noted that for the
second year, the centers of ascent (South America, Africa,
Indonesia) are weaker and the centers of descent (eastern
Pacific, Atlantic and Indian Oceans) are weaker also. In other
words, the east-west gradient of vertical motion, which was
stronger than normal in December 1962-February 1963, is
greatly diminished in December 1963-February 1964. Therefore
(I~_~jl~_ I-IP----~lllbWX I~--IYI_(~YV~I*~Z~C--- -_.1~I CII L- .i~ll~_lpi~~L*~--.tl -_1~)~ ._I _ I_~I. -llplL^-(_
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it appears that the "Walker Circulation" has been decreased in
strength in this year. It also appears that there is an east-west
"Walker" type of circulation between South America and the
Atlantic Ocean and between Africa and the Indian Ocean as well.
The 1000 mb U maps (Chapter 10, Newell et al., 1970) for
these two years show that the equatorial easterlies in all three
oceans were weaker in December 1963-February 1964.
It is the strength of the southeast Pacific anticyclone
which affects the strength of the equatorial Pacific easterlies
(Troup, 1965). The pressure variations of this anticyclone are
influenced by Walker's Southern Oscillation, which shows a
strong negative correlation between pressure anomalies in the
southeast Pacific and the tropical Indian Ocean. Easter Island
(29S, 109W) appears to be the center of the eastern Pacific pres-
sure anomaly and Djakarta the center of the Indian Ocean pres-
sure anomaly. A positive phase of the Southern Oscillation means
above normal pressure at Easter Island and below normal pres-
sure at Djakarta. This leads to a strong "Walker Circulation"
between the eastern and western hemispheres. Therefore it
appears that a change of phase of the Southern Oscillation could
cause such a change as occurred in the "Walker Circulation"
from December 1962-February 1963 to December 1963-February
1964.
~ . L lmYI ~
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The author was unable to obtain any of Walker's original
papers, but he did find an excellent review of Walker's work
(including numerous figures and tables) by Montgomery (1939).
It was not possible to compute the Southern Oscillation Index for
the two years in question, but it was found that Canton Island,
which Walker shows to be positively correlated with the Southern
Oscillation, had a pressure deviation of +1. 2 mb in December
1962-February 1963 and a pressure deviation of -0. 8 mb in De-
cember 1963-February 1964. Djakarta had a pressure devia-
tion of -0. 6 nib and +0. 3 mb for these two periods, respectively.
Walker also has a correlation between the Southern Oscillation
in December-February and precipitation for the same season.
This shows that Canton Island precipitation deviation is negative--
ly correlated and Djakarta precipitation deviation positively cor-
related with the Southern Oscillation. Table 4. 2 shows this is
consistent for the two stations. Other areas with precipitation
positively correlated with the Southern Oscillation in December-
February are South America north of 20S, central Africa, and
northern Australia and the islands in the western Pacific near
Yap. These areas all had above average precipitation in Decem-
ber 1962-February 1963 and below average precipitation the year
later (Fig. 4. 5 and Fig. 4. 6). Therefore it was concluded that
__~ICej _l~~ _C~XYI_ 1_11__1_1__11 ( ^ __.-~_ i.~~~i_~~ -. .. .LIXI* i
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the Southern Oscillation was positive during December 1962-
February 1963 and was negative the following year. Since po-
sitive sea-surface temperature anomalies in the equatorial eas-
tern Pacific occur when the "Walker Circulation" is weak, this
must mean that they occur when there is a change from a posi-
tive to a negative phase of the Southern Oscillation.
Krueger and Gray (1969) show three periods of abnormal-
ly warm water at Canton Island: April 1957-May 1958, June
1963-March 1964, and June 1965-May 1966. Bjerknes (1969)
has carefully analyzed the various parameters during 1963. He
found that from March to April there was a pressure drop at
Easter Island. This decrease in the southeast Pacific anticyclone
was followed one month later by an increase in sea-surface tem-
perature at 165W along the equator. In June the pressure at
Djakarta rose nearly 2 mb. Thus was the pressure gradient for
the "Walker Circulation" reduced during 1963. Troup (1965)
says that the changes in phase of the Southern Oscillation occur
mainly in late southern autumn or early winter. Walker found
a correlation of +0. 84 between the Southern Oscillation in June-
August and the Southern Oscillation in the following December-
February (Montgomery, 1939). Thus, it appears that the change
in phase of the Southern Oscillation which occurred during the se-
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cond quarter of 1963 could explain the change in the vertical
motion pattern in December 1963-February 1964.
The effect that the change in the east-west gradient of
vertical motion has on the zonal average of ' can be seen in
Table 4. 2. As was pointed out in Chapter 4, the ascending
branch of the Hadley is stronger in December 1963-February
1964 than in the previous year. This should be followed by a
greater export of angular momentum from the equatorial regions.
Kidson et al (1969) show that the region of strongest divergence
of total momentum is near 200 mb and about 10 degrees of la-
titude in the winter hemisphere, and that most of the transport
is contributed by the transient eddies. The zonal average for
v and the transient eddies for the two northern winter seasons
is shown in Table 5. 1. It is noted that the momentum transport
by the transient eddies into both hemispheres occurs at about
15N, and the larger transport occurs in December 1963-February
1964, This larger momentum transport would contribute to stron-
ger westerlies at higher latitudes, as was shown by Bjerknes
(1969). Krueger and Gray (1969) show that there was a larger
transformation from eddy to zonal kinetic energy in the North-
ern Hemisphere north of 20N during the 1963-64 autumn and
wint er.
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Walker devised North Atlantic and North Pacific Oscil-
lations in addition to his Southern Oscillation (Montgomery, 1939).
He found that there was a high positive correlation between pres-
sure in the 20N to 50N belt and both oscillations, and a high ne-
gative correlation between pressure poleward of 50N and both
oscillations. When the North Atlantic Oscillation is positive,
there is a decrease in pressure in the polar regions and an in-
crease in pressure in the subtropical regions, which leads to
an increase in the general circulation over the Atlantic Ocean.
There is not only an increase in the north-south pressure gra-
dient, but a poleward displacement of the Icelandic Low and the
Azores High. The North Pacific Oscillation has much the same
effect in that ocean. In relating these oscillations to the Southern
Oscillation, Walker found the North Pacific Oscillation in December-.
February has coefficients of -0. 52 with the Southern Oscillation
both in the same quarter and in the June-August before. Therefore
we find a linkage between the east-west pressure gradient (South--
ern Oscillation) and the north-south pressure gradient (two north-
ern oscillations) and their related circulations. When the South-
ern Oscillation is positive, the east-west "Walker" type circula-
tion is strong. When the Southern Oscillation changes to the ne-
gative, usually in June-August, the North Atlantic and North Pa-
cific Oscillations are positive six months later. Thus, when the
_ ^  _______LI__*l__ __~1 __C______ llll___~_l_ -.^ -..-^-^I~ - I~III~IP~Y~-
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east-west circulation is weak the north-south circulation is strong.
The author concludes that this happened in December 1963-
February 1964. The pressure change from January 1963 to
January 1964 (Bjerknes, 1969) indicates a strengthening of the
Aleutian Low and the subtropical Pacific High, showing an in-
crease in the north-south pressure gradient after the decrease
in the east-west pressure gradient which occurred in March-July
of 1963. In Fig. 5. 1 we see a decrease in the east-west gradi-
ent of vertical motion in December 1963-February 1964, and in
Table 4. 1 we see an increase in the north-south gradient of ver-
tical motion for this season. The author concludes that it is a
combination of the two which leads to the increase in westerlies
in December 1963-February 1964.
Since it appears that a change in phase of the Southern
Oscillation has a pronounced effect on the circulation both in the
tropics and at higher latitudes, it is important to find a cause
for the change. Several explanations have been offered. Troup
(1965) found no periodicity for the Southern Oscillation. He con-
cluded that since the change is most likely in southern winter,
variations in cyclonic activity in the southeast Pacific could ini-
tiate a change in the anticyclone of that region. Professor H. C.
Willett (personal communication) has pointed out that since June-
August is the monsoon season in Asia, a change in the monsoon
I____~~U___II/~__~LL_
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circulation could be reflected through the Southern Oscillation
to the Southeast Pacific anticyclone. Schell (1956) says that the
strength of the Southeast Pacific anticyclone depends on the out-
flow of subantarctic water along the west coast of South America.
Therefore, a variation in corpuscular radiation acting on the An-
tarctic circulation could influence the strength and extent of the
cold ocean current. The physics involved in this is not clear.
It is not possible from the present study to conclude which
of the above is the source of change of the Southern Oscillation,
as they all could be a factor. A close look at the circulation in
the equatorial regions during the second and third quarter of 1963
might help in solving this intriguing question.
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VI. CONCLUSION
From the results presented in this paper, it appears that
the method of computing vertical motion from the equation of
continuity is indeed valid. While there are large areas in the
tropics with very few reporting stations, the data are adequate
to reveal the large scale circulation. Good agreement was found
between the computed ti3 patterns and rainfall and satellite cloud
data.
The results of this study offer support for an east-west
toroidal circulation between the major areas of ascent and des-
cent in the equatorial regions. It: appears that the strength of
this circulation depends on the phase of Walker's Southern Os-
cillation, the circulation being stronger when the Southern Os-
cillation is positive. The changes in sea-surface temperature
and precipitation patterns that took place in the equatorial Pa-
cific during 1963 are attributed to a change of phase of the
Southern Oscillation. The change in the general circulation at
higher latitudes which was found to follow the Southern Oscil-
lation change makes it necessary to monitor the Southern Os-
cillation, perhaps in the abbreviated form of Willett and Bodurtha
(1952), as an aid to long range forecasting.
1_1 /I_/i__ii~__l~_l___XII-^-- ~L~ __LIII__-
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There is still some question as to the role of sea-surface
temperature in the general circulation of the atmosphere (Bjerknes,
1969). This author agrees with the results of Helland-Hansen
and Nansen (reviewed by Montgomery, 1939) that water and air
temperature anomalies result from anomalies in the local winds.
It is evident that more research in the area of air-sea interac-
tion is necessary.
_~_ 1 _ ________s__L_^_/__~_~^_~ ~I)_ _ilj IILI~XIIXI-~
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TABLE 4. 1
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TABLE 4.2 TOTAL PRECIPITATION (MM) AND TOTAL DEVIATION (MMA) FRUM 30 YEAR
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Mean Meridional Velocity (m/sec) And Momentum Transport
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Figure 3.1: Mean verti~cal veloctyr at 500 mb for December-February.
Units: 10,4 mb/sec..
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Figure 3.2; Mean vertical velocity, at 500 Mb for*MarchMay.Units;I 10- 4 mb/sec.
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Figur 3.3:Meanverttcal. locty at500 m forJunegustUnit: 104 bsec
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Figure 3.4 Mean vertical velocity at 500 mb for September-November.
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Figure 4.2: Mean vertical velocity at 500 mb for December 1963-February 1964.Units: 10- 4 mb/sec.
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Figure 4.3: Deviation of mean vertical velocity at 500 mb for December 1962-February 1963
from the long term mean for December-February. Units: 10 - 4 mb/sec.
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Figure 4.4: Deviation of mean vertical velocity at 500 mb for December 1963-February 1964
from the long term mean for December-February. Units: 10- 4 mb/sec.
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Figure 4.5: Total deviation of precipitation for December 1962-February 1963
from the 30 year mean. Units: mm.
-I _ 
-
,~L - . .. . ... -, . . -




IG ~ I?3 , U~ -"
• ' 'I ** '.:- :; -: ' \ •  '401
"V 'V E V' 0 :' "'V *V :-7 7 ;''i: ii -~, ': ...
Figure. 4.6: Total deviation of prec::p~f.tat:ion for December 1963-February 1964.
from the 30 year mean. Units: mm.
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Figure 5.1: Change in mean vertical velocity from December 1962-February 1963
to December 1963-February 196S4 at 500 mb. Units: 10-4 mb/sec.
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